Corneal clarity is maintained by its endothelium, which functions abnormally in the endothelial
INTRODUCTION
The anterior segment of the vertebrate eye is highly specialized and comprises the cornea, trabecular meshwork, iris and lens, whose co-development is crucial to normal vision. Amongst these the cornea is the major refracting structure consisting of an anterior stratified epithelium, a paucicellular stroma and an endothelium covering its posterior aspect. The endothelium is a monolayer of polygonal cells which is central to anterior segment development and which maintains corneal clarity by keeping the stroma in a state of relative dehydration (1) .
A number of inherited disorders of the cornea have been described in humans (2) . The endothelial (posterior) corneal dystrophies, which result from primary endothelial dysfunction, include Fuchs' endothelial dystrophy (FECD; MIM136800), posterior polymorphous dystrophy (PPCD; MIM122000) and congenital hereditary endothelial dystrophy (CHED; MIM121700), which are all thought to represent defects of neural crest terminal differentiation (3) . The group shares many features including corneal decompensation, altered morphology of endothelial cells, and secretion of an abnormal posterior collagenous layer in the posterior zone of Descemet's membrane (DM), the endothelial basement membrane (4, 5) .
FECD is the commonest primary disorder of the corneal endothelium. Epidemiological data regarding its incidence or prevalence are unavailable. An indirect measure of the impact of the disease comes from surveys of clinical indications for corneal transplantation which rank FECD as one of the commonest indications for corneal transplantation (up to 19%) performed in developed countries (6) (7) (8) (9) (10) . The high prevalence of this dystrophy co-existing with cataract in an older age group means that it is a risk factor for the requirement for penetrating keratoplasty (PK) subsequent to cataract surgery. Symptoms of painful visual loss result from corneal decompensation. Signs may be present from the fourth decade of life onwards with the development in the central cornea of focal wart-like guttata arising from DM, which is thickened by abnormal collagenous deposition. There is reduced endothelial function and cell density as well as cellular pleomorphism (11) . FECD is usually a sporadic condition but familial highly penetrant forms showing autosomal dominant inheritance are also recognized (12) (13) (14) . PPCD is a rare bilateral corneal endothelial dystrophy that is inherited in an autosomal dominant manner. The clinical features usually present earlier than FECD, being from birth onwards. The condition is characterized by formation of blister-like lesions within the corneal endothelium or by regions of endothelial basement membrane thickening with associated corneal oedema. There is replacement of the normal amitotic endothelial cells by epithelial-like cells (15) that possess abundant intermediate filaments, desmosomes and microvilli (16) . The endothelium becomes multilayered and the abnormally proliferating cells may extend outwards from the cornea over the trabecular meshwork to cause glaucoma. In this regard, PPCD resembles iridocorneal endothelial (ICE) syndrome, a unilateral condition which is also associated with abnormal endothelial proliferation (17) . Molecular data on the endothelial dystrophies are limited: a single family with PPCD was linked to a 30 cM region of chromosome 20q. Dominant CHED (CHED1) was then mapped to a 2.7 cM region within this interval, suggesting either that there is a cluster of genes in this region or that there is allelic heterogeneity (18, 19) . In addition an autosomal recessive form of CHED (CHED2) maps to 20p (20) .
In a multigenerational family with an early-onset form of FECD we demonstrated linkage to a 6-7 cM region of 1p34.3-p32 containing the COL8A2 gene which encodes the α2 chain of type VIII collagen. Through analysis of the coding sequence of COL8A2 we defined mutations in both familial and sporadic FECD as well as in a family with PPCD. This is the first description of the molecular basis of any of the corneal endothelial dystrophies or of mutations in type VIII collagen in association with human disease.
RESULTS

Clinical details
Members of a three-generation family (FECDPed1, Fig. 1 ) from the north-east of England, with early-onset FECD (i.e. third and fourth decades), were independently examined by three ophthalmologists (S.Biswas, G.C.M.Black and B.Noble). There was clear evidence of male to male transmission and an absence of affected offspring from unaffected individuals. Amongst the affected individuals from family FECDPed1, diagnosis was made between the ages of 21 and 48 years. Ungrafted individuals had visual acuities between 6/4 and 6/60. Individuals in their fourth to fifth decades had the most advanced grade of disease with coalescence of areas of epithelial oedema forming sub-epithelial bullae. The youngest affected individual examined was pre-symptomatic in his third decade with 1-2 mm of grouped central corneal guttata. Five out of 12 individuals from the family had undergone corneal transplantation. The histopathological findings confirmed a diagnosis of FECD.
Two individuals from pedigree FECDPed2 (Fig. 2 ) were examined and found to have clinical evidence of FECD. The proband had undergone bilateral corneal transplantation by his sixth decade with histopathological evidence of FECD. The daughter, whose symptoms began in her third decade, had undergone a unilateral corneal transplant. The other eye had advanced changes consistent with FECD with confluent central guttata and sub-epithelial bullae. DNA was available on six other affected family members all of who had been diagnosed between the third and fifth decades.
Two individuals from family PPCDPed1 were diagnosed with PPCD. Both individuals had already undergone bilateral PK for corneal decompensation secondary to endothelial dystrophy. This was performed on the proband in her third decade and on her father in his sixth decade. No other family members were available for examination.
Ultrastructural analysis
Ultrastructural analysis in affected individuals from family FECDPed1 demonstrated characteristic secretion of an abnormal posterior collagenous layer (PCL) between the endothelium and a thickened DM (Fig. 3) . The PCL was organized into a hexagonal matrix resembling that normally formed by type VIII collagen (Fig. 3) . In both affected individuals from family PPCDPed1, ultrastructural analysis of corneal material removed at PK revealed endothelial cell multilayering with desmosomal intercellular attachments and surface cells with short microvilli consistent with epithelial-like metaplasia of the endothelial cells. This confirmed a diagnosis of PPCD in this family.
Linkage analysis and sequencing in family FECDPed1
Fifteen members of family FECDPed1, covering three generations, in which disease status was confidently assigned, were selected for linkage analysis. The only unaffected individuals included in the analysis were in their fifth decade. Exclusion analysis was performed using microsatellite markers D20S48 and D20S417 coupled with the PPCD and CHED 1 loci (19) . Using two-point linkage analysis no significant linkage was obtained with either marker (LOD score less than -7). Thereafter, a genome-wide search was undertaken using 382 markers covering all 22 autosomes. High LOD scores were obtained for markers D1S2830 and D17S938 [Z max = 3.72, recombinant fraction (θ) = 0.0, and Z max = 3.78, θ = 0.0 respectively]. Further genotyping, using microsatellite markers close to D17S938, revealed no shared haplotype amongst all the affected members to within 50 kb of marker D17S938, implying that this marker was linked by chance alone.
Having demonstrated significant linkage to a region of chromosome 1, refinement of the critical region was undertaken using further microsatellite markers (Fig. 1 ). Haplotype analysis of the pedigree shows unaffected individual III-5 to be recombinant distal to marker D1S255 and a recombination is present in unaffected individual III-6 proximal to marker D1S233. These two individuals are aged 45 (III-5) and 53 years (III-6) and have entirely normal corneal examination. In addition they each have three children aged between 23 and 34 years, all of whom have normal corneal examinations; the majority of affected individuals within this family had abnormal corneal endothelia by age 20-25 years. These recombinants define a 6-7 cM critical interval that locates a putative disease gene to chromosome 1p34.3-p32.
The COL8A2 gene, which encodes the α2 chain of type VIII collagen, lies within this region and represented a strong candidate gene in this family. The gene is fully encompassed within the genomic clone RP4-665N4 which has been fully sequenced (GenBank accession no. AL138787). The 2112 bp coding sequence is contained within two exons separated by an intron of 562 bp ( Fig. 4A and B ). These were sequenced in all family members revealing a C→A transversion at position 1364 from the beginning of the coding sequence ( Fig. 5A and B) . This results in a codon 455 glutamine to lysine substitution. The mutation was present in all 13 affected individuals tested and no unaffected members of the family and was not present in 488 ethnically matched control chromosomes.
COL8A2 mutation analysis in patients with FECD and PPCD
Sixteen overlapping primer pairs spanning the coding region of COL8A2 were designed to amplify genomic DNA from a panel of affected individuals including 115 unrelated patients with FECD and 15 with PPCD (Table 1) . Eight further probands carried missense changes that were not identified within ethnically matched normal control populations and are presumed to be pathogenic alterations ( Table 2) .
The gln455lys mutation was detected in all affected individuals in three further families with endothelial dystrophies. Two (FECDPed2 and FECDPed3) had early-onset FECD. FECDPed2 is a large Australian kindred in whom the mutation was present in 8/8 affected individuals separated by 21 meioses (Fig. 2) . The third family (PPCDPed1) consists of two affected individuals in whom ultrastructural analysis demonstrates the pathological endothelial changes of PPCD.
An Arg155Gln mutation was demonstrated by SSCP in a family of five affected individuals from which DNA was available on 3/5. All three carried the mutation, which was not present in 184 control chromosomes. This change was also found in a further two unrelated patients with sporadic FECD. Two changes, Arg434His and Arg304Gln, were identified by sequencing in sporadic patients as SSCP of the fragments, which are highly GC rich, was unsatisfactory; neither was present in 150 control chromosomes.
To define whether these substituted residues are conserved we sequenced the murine cDNA and compared this with the human and bovine sequences. Overall we confirmed that there Figure 1A showing PCL with a disorganized arrangement of wide-spaced collagen, which has an internode distance of ∼110 nm. (Scale bar = 750 nm.) (D) En face view of wide-spaced collagen fibrils from patient shown in Figure 1A showing the hexagonal, 'six-spoked' assembly characteristic of type VIII collagen. is >90% sequence identity in mouse, human and bovine triple helical domains (data not shown) (21) . All of these mutated residues lie within the triple helical domain and are conserved in all three species.
In addition, a number of other sequence changes were detected amongst both affected individuals and normal controls ( Table 2) . Of these eight changes, four were silent and four missense. Of the latter, the two within the triple helical domain (Gly357Arg, Pro575Leu) were only detected amongst familial FECD patients and were not found amongst the unaffected controls tested (488 and 186 chromosomes, respectively). However, these cannot be presumed to be pathogenic as they were not found in all affected individuals within these families and therefore did not fully co-segregate with the disease phenotype.
Haplotype analysis of families carrying Gln455Lys mutation
A close haplotype was constructed using five markers around COL8A2 for the four Gln455Lys families (Fig. 4B) . Two FECD families (FECDPed1 and FECDPed3) and the PPCD family originate from Northern England and share a common haplotype across the region, suggesting the presence of a common founder mutation within these three families. In contrast, the Australian family FECDPed2 did not share this haplotype. This analysis included two separate SNPs within the intron interrupting the coding sequence (Table 3 ) which lie 1-1.5 kb from the putative mutation; this strongly suggests that FECDPed2 carries an identical but independent mutation.
DISCUSSION
A positional candidate strategy was employed to identify the defective gene in a family (FECDPed1) with a highly penetrant, early-onset form of FECD. Genetic mapping in this family revealed linkage of FECD to a 6-7 cM interval of 1p32.3-p34.3. In family FECDPed1 symptoms commenced during the third and fourth decades, with clinical signs of disease detectable earlier, overcoming the difficulties of analysing lateonset diseases such as FECD, where families of more than two generations are scarce and assignment of disease status in younger individuals is uncertain. The COL8A2 gene had been localized to this segment of 1p by in situ hybridization (22) and was confirmed to lie within the critical region. The gene encodes the α2 (VIII) collagen chain, which is highly expressed in human corneal DM (23) and in addition is abnormally deposited in the corneas in both FECD and PPCD. On these grounds, the gene represented a biologically highly attractive candidate gene for FECD. Sequencing of the gene in members of this family (FECDPed1) revealed that affected members had a single nucleotide substitution at position 1364 of the major coding sequence of COL8A2. This results in a gln455lys missense mutation that alters the amino acid at position X of the Gly-X-Y repeat within the triple helical domain of α2 (VIII) collagen. Mutations in the X position within the Gly-X-Y repeat have also been described amongst mutations of COL2A1 that cause Stickler syndrome (24) . In the case of the Gln455Lys substitution the change is from the non-charged, evolutionarily conserved glutamine for a negatively charged lysine close to the C-terminus. Lysine has a potential role in the formation of intermolecular bonds and, in turn, may alter the tertiary structure of the protein. We speculate that this disrupts the stability of supramolecular assembly (25) .
The Gln455Lys mutation was demonstrated in a further two multigenerational families with an inherited early-onset form of FECD as well as in a family PPCDPed1. Identical mutations associated with different phenotypes could represent the influence of genetic modifiers; other examples amongst ocular disorders include cerulean and Coppock cataracts (CRYBB2), Stargardt disease and dominant macular atrophy (ELOVL4) and Rieger and Peters' anomaly (PITX2) (26) (27) (28) .
A close haplotype constructed around COL8A2 for the four families suggests that while the mutation is identical it has arisen independently in at least two of the families. It remains possible that this does represent a single mutational event and, if so, reduces the maximum size of the common inherited fragment to <100 kb, suggesting an old ancestral mutation. In addition, three further missense substitutions (Arg155Gln, Arg434His and Arg304Gln) within the triple helical domain were defined both in familial and sporadic forms of classical FECD. Overall, we found COL8A2 mutations in 9/116 (8%) of FECD probands. This suggests the presence of genetic heterogeneity in this condition, which was confirmed by linkage exclusion of the COL8A2 region in other multigenerational families with FECD.
Type VIII collagen is a member of the short-chain collagenlike family of proteins that also includes type X collagen with which it shares many structural similarities (29) . It comprises two α-chains, α1 (VIII) and α2 (VIII), that exist in vivo as hetero-or homotrimers (30) (31) (32) . Type VIII collagen is a major component of the hexagonal lattice of DM which normally forms a highly ordered array in the anterior banded zone (ABZ) of this tissue (22, 33, 34) . The role of type VIII collagen in DM is uncertain. It may provide a structural function, with the hexagonal matrix acting to resist compression. However, its function in association with vascular endothelium indicates a role in determining cell phenotype while developmental studies suggest that type VIII collagen is important in cell differentiation: it is possible that it plays a similar role in DM (34) . Therefore, our findings are in support of the hypothesis that both FECD and PPCD are disorders of endothelial cell terminal differentiation since it is these cells which secrete type VIII collagen. Furthermore, they suggest that changes in the interaction between the endothelium and DM can be the primary aetiological event and implicate the α2 (VIII) chain of type VIII collagen in this interaction. By inference, the COL8A1 gene, which encodes the α1 (VIII) chain, is therefore an attractive candidate gene not only as a causative gene for FECD but also as a modifier locus amongst patients with COL8A2 mutations.
In FECD, type VIII collagen has been identified by immunolabelling techniques to comprise a large part of the abnormally secreted posterior collagenous layer of DM, where it forms the endothelial guttata characteristic of this disorder (5). A similar abnormally banded PCL is observed in some cases of PPCD (4) . Ultrastructural analysis of the posterior region of DM from an affected individual from family FECDPed1 demonstrates the presence of this collagen in a thickened PCL, between the endothelium and a thickened DM (Fig. 2) . The secretion of an abnormal PCL containing type VIII collagen has also been demonstrated in aphakic bullous keratopathy and the ICE syndromes (3, 15, 35) suggesting that alteration of its expression and deposition may be relevant to the pathological responses of the endothelium to ageing and trauma. Moreover, as type VIII collagen is a component of other endothelial basement membranes, including those of vascular endothelia, understanding the interaction of the corneal endothelium with both DM and type VIII collagen may provide a broader insight into endothelial cell maintenance and ageing.
MATERIALS AND METHODS
Clinical examination
Members of a three-generation family (FECDPed1, Fig. 1 ) from the north-east of England, with early-onset FECD (i.e. third and fourth decades), were independently examined by three ophthalmologists (S.Biswas, G.C.M.Black and B.Noble). Individuals were considered affected if they had typical signs and symptoms of FECD or had already undergone PK with histopathological confirmation of the diagnosis. Individuals <20 years of age were excluded, as none of those examined had signs of disease, and accurate definition of disease status in asymptomatic carriers could not be guaranteed. None of the individuals examined had a significant past history of ocular disease, inflammation or trauma to account for the appearance of central corneal guttata. All examining ophthalmologists were masked to genotype data at the time of examination.
A further 115 unrelated familial and simplex cases of FECD and 15 probands with PPCD were identified either clinically or from histopathological evidence supporting a diagnosis of corneal endothelial dystrophy. After informed consent, DNA was extracted from these individuals and families to compile panels for mutation screening.
Ultrastructural analysis
Tissue was dissected (segments <1 mm 3 ), immersed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer and postfixed in 1% osmium tetroxide in 0.05 M sodium cacodylate buffer for 1 h. The tissue was dehydrated through a graded ethanol series and embedded araldite resin. Resin-embedded blocks were cut into semi-thin (1 µm) and thin (65 nm) sections. Semi-thin sections were stained with toluidine blue, thin sections with uranyl acetate and lead citrate. Thin sections were placed onto nickel grids and transmission electron microscopy carried out using a JEOL 1010 instrument.
Linkage analysis
After informed consent and ethical approval, blood samples were taken from 13 affected and four unaffected members of the family. Genomic DNA was extracted from lymphocytes (36) . Amplification of markers D20S48 and D20S417 by polymerase chain reaction (PCR) was performed by using 100 ng of genomic DNA, 2 µl (0.2 µM) of forward and reverse primers, 3 µl of dH 2 O, 10 µl of PCR Reddymix™ master mix [0.75 mM each dNTPs, 67 mM Tris-HCl (pH 8.0 at 25°C), 16 mM (NH 4 ) 2 SO 4 , 3.7 mM MgCl 2 , 0.085 mg/ml BSA, 0.5 U Taq polymerase (ABgene  ; ABgene  , Epsom, Surrey, UK)]. PCR amplification was performed on a dry block thermal cycler. Samples were denatured at 95°C for 5 min and the following cycling conditions were applied: 32 cycles at 94°C for 45 s, 60°C for 45 s, 72°C for 45 s. Final extension was at 72°C for 5 min. Amplified products were phenol-extracted and loaded onto 8% polyacrylamide gel. Electrophoresis was carried out at 400 V for 3 h and products were silver-stained according to standard methods.
A genome-wide search was carried out using a set of 382 fluorescent-labelled PCR primers (ABI Prism™ Linkage mapping set version 2; PE Applied Biosystems, Perkin-Elmer Corp., Foster City, CA) to amplify microsatellite loci, with ∼10 cM spacing, across the genome. A 15 µl PCR reaction mix comprised 100 ng of patients' genomic DNA, 1 µl of primer mix, 1.5 µl of 10× GeneAmp  PCR buffer II, 1.5 µl of GeneAmp  dNTP mix (2.5 mM), 0.12 µl of AmpliTaq Gold™ DNA polymerase (5 U/µl), 1.5 µl of MgCl 2 (25 mM) and 3.8 µl of dH 2 O. DNA from CEPH individual 1347-02 acted as positive control; dH 2 O acted as negative control. The PCR conditions for amplification were as per the manufacturer's instruction for the GeneAmp  PCR system 9600 thermal cycler (PE Applied Biosystems). Two microlitres of pooled PCR product was mixed with 2 µl of size standard [GeneScan  400 HD (ROX); PE Applied Biosystems] and 24 µl of de-ionized formamide (Amresco Solon, Solon, OH). After denaturing at 95°C for 2 min and placing on ice, 2 µl of this mix was injected into a polymer (GeneScan  STR POP4D)-containing capillary and analysed on an ABI prism  310 Genetic Analyser using GeneScan  software. In addition, several other markers, ascertained from the Généthon linkage map database, were analysed using the PCR conditions described above: D1S2781, D1S513, D1S233, D1S2676, D1S2832, D1S2729, D1S496, D1S2830, D1S255, D1S2743, D1S2722 and D1S447. These markers spanned a 20 cM region around the ABI-prism marker D1S234, wherein a LOD score of 2.03 was obtained.
The genotype data obtained from the family were entered into a PC using CYRILLIC 2.0 software for data storage and retrieval. These data were exported into the LINKAGE program for linkage analysis and LOD scores were calculated using MLINK (37) and using allele frequency data available from the genome database (GDB).
DNA sequencing
Primers were designed from the major coding region of COL8A2, whose sequence was elucidated from a bacterial artificial chromosome clone containing the gene sequence (Table 1) . These were used to amplify the gene in two affected and two unaffected individuals and one control individual and later to confirm the sequence in all members of FECDPed1. Sterile water was substituted for genomic DNA as a negative control. Thirty microlitre PCR reactions were set up using 100 ng of genomic DNA, 3 µl (0.3 µM) of forward and reverse primers, 15 µl of Reddymix™ master mix and 4.5 µl of dH 2 O. PCR reactions were carried out on a dry block thermal cycler. Reaction mixtures were denatured at 95°C for 5 min, then 30 cycles at 94°C for 45 s, X°C for 45 s (where 'X' is the optimized annealing temperature for each primer pair shown in Table 1 ) and 72°C for 45 s. Final extension was performed at 72°C for 10 min. The amplified products were cleaned using 2 U shrimp alkaline phosphatase (1 U/µl) (USB Corporation, Cleveland, OH) and 4 U exonuclease I (10 U/µl) (USB) on a thermal cycler at 37°C for 38 min, 85°C for 20 min and 20°C for 2 min. A 10 µl sequencing reaction comprised 5 µl of cleaned PCR product, 0.7 µl of forward or reverse primer, 1 µl Precipitation of DNA was performed using 1 µl of sodium acetate (1.5 M)/EDTA buffer (250 mM) (Amersham Pharmacia Biotech Corp.) and absolute alcohol. DNA samples were denatured with formamide loading dye and run on an acrylamide gel. Sequencing was carried out on an ABI-377 analyser (PE Applied Biosystems) and the results analysed using GeneScan  software.
